Background. Nearly all children are infected with respiratory syncytial virus (RSV) within the first 2 years of life, with a minority developing severe disease (1%-3% hospitalized). We hypothesized that an assessment of the adaptive immune system, using CD4 + T-lymphocyte transcriptomics, would identify gene expression correlates of disease severity.
Respiratory syncytial virus (RSV), the most important cause of respiratory tract illness in infants and young children, infects 50%-70% of infants during the first year of life [1] . Although most infections are relatively mild, 1%-3% of infected infants require hospitalization, accounting for 74 000-126 000 admissions of infants aged < 1 year annually in the United States [2, 3] . Additionally, RSV-related emergency department visits for infants aged ≤ 1 year of age range from 39 to 69 per 1000, and RSV-related office visits are 3 times as many [4] . Although many risk factors for severe disease are recognized, such as prematurity, congenital heart disease, pulmonary disease, and neurologic and immunosuppressive conditions, the majority of infants brought to medical attention are healthy full-term infants. Host and environmental factors also associated with more severe disease, although less overt, are male sex, lack of breastfeeding, tobacco smoke exposure, and low levels of maternally derived protective antibody [5] .
Host immune responses are also thought to influence disease manifestations, including severity [6] [7] [8] [9] . Experimental animal models of RSV infection suggest that Th2 CD4 immune-dominant responses, as well as diminished or impaired anti-inflammatory T-regulatory (Treg) cell function and increased Th17 responses, contribute to increased lung pathology [6, 7, 10] . Data from infant studies are less compelling, with some supporting and others refuting that a T2-dominant response is responsible for severe disease [9, [11] [12] [13] [14] [15] .
Recently gene expression analysis of whole blood collected during infection has been used to assess the immune response to RSV [16] [17] [18] . One study noted increased expression of interferon signaling and neutrophil gene pathways and diminished T-and B-cell gene pathways [17] . Because CD4 T cells are critical in the development of adaptive immunity following infection and also influence the degree of inflammation, we sought to investigate gene expression patterns using high-throughput RNA sequencing (RNA-seq) of isolated CD4 T cells in healthy full-term infants aged <10 months at the time of primary RSV infection by comparing infants with mild and severe clinical disease. We identified unique gene expression patterns, implicating biological pathways associated with disease severity, which provide novel insight into pathogenesis of RSV infection in this population.
METHODS

Subjects
The Research Subject Review Boards of the University of Rochester Medical Center (URMC) and Rochester General Hospital approved the study, and a parent provided written informed consent. Respiratory syncytial virus-infected infants were selected for this analysis from 3 cohorts as part of the AsPIRES study of RSV pathogenesis. A birth cohort, enrolled between August and December of both 2012 and 2013, were followed by a combination of passive and active surveillance for development of RSV infection during the subsequent winter. Infants with respiratory symptoms were evaluated at home for RSV infection using an RSV group-specific reverse transcriptase-polymerase chain reaction (RT-PCR) assay [19] . A second cohort was enrolled when seen for acute respiratory symptoms in pediatric offices or emergency rooms and tested for RSV by antigen detection (Quidel, San Diego, CA) and/ or RT-PCR. The third cohort consisted of infants hospitalized with RSV at URMC's Golisano Children's Hospital. Eligible subjects were full-term (>36 wk gestation) healthy infants born after the previous May 1 and aged <10 months at RSV infection to ensure primary infection. The hospitalized infants were seen daily until discharged, and charts were reviewed for signs of respiratory illness and lowest room air oxygen saturation (SaO 2 ).
Specimen Collection
Infants were evaluated by 2 members of the study team (a physician and a project nurse). Demographic data, illness symptoms, findings on physical examination, and results of standard laboratory and chest radiograph results, when available, were recorded and defined as visit 1 (acute). Illness onset was determined by physician interview of parent(s) during evaluation. Following evaluation, a nasal swab using an infant-sized flocked swab (FLOQSwabs catalog no. 525CS01, Copan, Murrieta, CA) was placed in 2 mL of sterile ultraviolet-inactivated water and 2-3 mL of heparinized blood collected. A second blood sample was collected during a second visit (convalescent) 12-16 days after illness onset.
Detection of Pathogenic Virus and Bacteria
The nasal swab was used for detection of other respiratory virus coinfection, Streptococcus pneumoniae, and Haemophilus influenzae using a TaqMan multiplex assay and separately for Moraxella catarrhalis according to published methods [20] .
Cell Purification and RNA Isolation
Heparinized blood was maintained at room temperature for up to 2 hours, and peripheral blood mononuclear cells were isolated by Ficoll-hypaque gradient, flow-sorted into subsets including CD3 + CD4 + CD8 − lymphocytes, and stored in RNA lysis buffer at −20°C [21] .
Library Construction and Sequencing
RNA sequencing was performed as previously described, starting with 1 ng of RNA and using the SMARter Ultra Low amplification kit (Clontech, Mountain View, CA) [20] . Libraries were constructed using the NexteraXT library kit (Illumina, San Diego, CA) and sequenced on the Illumina HiSeq2500 to generate approximately 20 million 100-bp single end-reads per sample. Preanalysis data processing was as previously described [20] .
Univariate and Multivariate Gene Selection
For categorical variables, we used SAMseq to identify genes with significant differences in mean expression (q < 0.05). Both Pearson and Spearman correlation tests, with BenjaminiHochberg correction to control false discovery rate at a 0.05 level, were used to select genes with significant correlation with continuous variables. We also conducted a multivariate linear mixed-effects regression analysis to study the linear association between the expression of individual genes (response variables) and various important demographic, clinical, and environment variables (see Supplementary Methods).
Pathway Analysis and Transcription Factor Target Identification
Differentially expressed genes were used for canonical pathway identification and upstream regulator analysis using Ingenuity Pathway Analysis (Qiagen, Redwood City, CA). To assess T-cell transcription factor activity, we interpreted CD4 gene expression patterns associated with severity using Bayesian estimation of transcription factor activity [22, 23] .
Quantitative Polymerase Chain Reaction
Quantitative polymerase chain reaction was performed on selected genes for confirmation of the gene expression as described [20] .
Statistical Analysis of Clinical Data
A P value < .05 was considered statistically significant. For continuous clinical variables, we performed 2-sample Welch t tests to check the equality of mean values between 2 patient groups defined by disease severity. For binary variables, Fisher's exact test was used. Breastfeeding was modeled as a categorical variable (None < Some < Exclusive) and tested using Spearman's rank correlation.
RESULTS
Subjects and Clinical Characteristics
Of 86 RSV-infected infants enrolled in the study, we selected 46 representing the extreme ends of the severity spectrum: 23 with mild disease (n = 10 birth cohort, n = 13 second cohort), defined as maximum respiratory rate (RRmax) < 55 per minute and SaO 2 ≥ 97%; and 23 with severe disease (all from the hospitalized cohort), defined as RRmax ≥ 65 and SaO2 ≤ 92%. Subjects with more severe illness were significantly younger (2.2 vs 4.0 months; P < .01), more likely to be exposed to environmental tobacco smoke (23% vs 4%; P = .01), and less likely to be breastfed (65% vs 87%; P = .05) ( Table 1) . Viral coinfection was similar between groups. The groups were equally colonized with Moraxella catarrhalis, but the more severely ill group was significantly more likely to be colonized with S. pneumoniae and/or H. influenzae (65% vs 30%; P = .04). Although all infants were considered full term, those with severe clinical symptoms were born at slightly lower gestational age.
Global Adaptive Immune Cell Gene Expression Patterns
The CD3 + /CD4 + /CD8 − (CD4 + ) T cells from this group of 46 infants were sorted and subjected to RNA-seq analysis. A total of 51 samples from 38 subjects (n = 19 in each group) passed quality control (QC), and the remaining samples were removed from analysis. The raw reads, mapping rate, and gene detection rates are shown in Figure 1 . Samples averaged approximately 20M reads with >90% mapping rate, and our filtered analytical data set included expression values for 10 446 genes. Interestingly CD4 + T cells appeared to express approximately 60% of the genome, consistent with prior data on sorted lymphocytes [21] . An assessment of cell type−specific markers (eg, CD3, CD4, CD8, CD19, MPO) confirmed the purity of the sorted cells (Supplementary Figure 1) .
Univariate analysis was used to identify gene expression patterns associated with each clinical or demographic variable (Table 2 ). Our analysis demonstrated that clinical severity was associated with the greatest effect size upon gene expression (n = 551 genes). The effect size for clinical severity was much greater than that for sex (n = 74 genes), RSV group (A/B; n = 53 genes), or days since onset of clinical symptoms (n = 35 genes). Interestingly, we found that bacterial cocolonization seems to have a greater effect (n = 12 genes) than viral coinfection (n = 3 genes).
Appreciating the potential of confounding variables to influence identification of significant gene expression patterns, we constructed a multivariate linear mixed-effects regression model that included the variables with greatest marginal effects. Numbers of significant genes identified by this more conservative analysis are summarized in Table 2 . Details for genes identified, including their relationships to individual variables, are provided in Supplementary Table 1 . In this multivariate model, severity of illness continued to have the strongest association with gene expression (n = 140 genes), albeit now only slightly greater than sex (n = 113 genes). The multivariate model again showed significant gene expression associated with days since onset of clinical symptoms (n = 63 genes), RSV group (n = 68 genes), and gestationl age (n = 41 genes). In addition, the multivariate model also identified a substantial number of genes significantly associated with viral coinfection/bacterial colonization status (n = 67 genes) and found that pathogenic bacteria colonization alone is significantly associated with gene expression (n = 44 genes).
Gene Expression Correlates of Disease Severity
A heat map of the 140 genes associated with disease severity identified by multivariate analysis and stratified by time since onset of clinical symptoms is shown in Figure 2A . These data demonstrated population-level heterogeneity (particularly in the severely affected subjects) and suggested greater differences in gene expression in the acute phase than in the convalescent phase. Gene-set analysis was used to interpret the expression pattern of genes associated with severity, in both the more liberal univariate analysis (n = 551 genes) and the more conservative multivariate analysis (n = 140 genes), identifying a number of signaling pathways and intercellular signaling molecules that may be associated with clinical responses in RSV-infected infants ( Figure 2B and Supplementary Figure 2) . Although there was limited confirmation of significance at the individual gene level, with only 64 of 140 multivariate genes also identified in univariate analysis, there was a high degree of confirmation for canonical pathway discovery ( Figure 2B ). These observations are consistent with the robustness of a pathway-based approach to analysis of transcriptomics data.
Genes associated with severity predicted activation of JAK/ STAT, prolactin, Gα1, interleukin 1, iNOS, IGF1, and phosphatidylinositol 3-kinase (PI3K)/AKT signaling pathways were noted in severely affected subjects. Interleukin 9 (IL-9) pathway signaling was also predicted to be altered, but it was unclear whether this pathway was activated or inhibited. Identification of these pathways was predominantly driven by genes demonstrating Time since onset of illness; day of illness 41 6 Shown are the numbers of genes identified as significant for each variable and model. ) . B, Pathways associated with severe phenotype. Ingenuity pathway analysis (IPA) was used to identify canonical pathways represented by genes associated with severity in CD4 lymphocytes from respiratory syncytial virus-infected subjects. The variables used to generate gene sets for IPA were multivariate severity phenotype (a; n = 140) and univariate severity phenotype (b; n = 551). Thirteen pathways are shown where Fisher's exact test P values were <.05 for at least 1 variable. Orange and blue circles indicate predicted increased or decreased pathway activation (activation z score), respectively. Genes included in each pathway are listed and are colored red if increased in severe subjects or green if decreased in severe subjects. Genes with >1.5-fold increases are bold.
regulation was associated with CD4+ T-cell gene expression in severely ill infants, implicating shifts in arachidonate metabolism. Activation of NRF2 (NFE2L2), the major antioxidant pathway, was also associated with CD4 + T-cell gene expression in severely ill infants. This analysis also suggested activation of a number of regulators of mitogenesis, including MYC, KRAS, KIP1 (CDKN1B), and p53 (TP53). Together these data support the conclusion that broad changes in CD4 T-cell activity and survival are associated with clinical severity in RSV-infected infants. In fact, some observed gene expression changes specifically implicated responses associated with CD4 T-cell subtype, such as regulation of IL-9 signaling ( Figure 2B ). Also noted were increased activation of JAK2 and increased expression of suppressor of cytokine signaling (SOCS) genes in CD4 T cells from severe subjects, particularly SOCS2, which antagonizes the other SOCS proteins, and together with JAK2 regulates early Th1/Th2 differentiation [24] [25] [26] . In an effort to directly test whether severity-associated changes in gene expression were consistent with alterations in T-cell subtype, we implemented Bayesian estimation of transcription factor activity to predict transcription factor activity based upon CD4 gene expression patterns associated with severity [23] . We found changes in GATA3 activity were predicted to be significantly associated with severity as defined by the univariate model (P = 1.62E-05), whereas RORA was marginally significant (P = .04) and STAT1/2/4 and SMADs were not significant (P > .05). GATA3 is a transcriptional activator that is required for T-helper 2 (Th2) differentiation. It also plays a role in differentiation of Th9 cells. These data support the interpretation that changes in CD4 T-cell subtype differentiation are associated with severity in RSV infection.
Gene Expression Correlates of Clinical Progression and Respiratory
Syncytial Virus Group
We explored biological interpretations of genes associated with the time since onset of clinical symptoms (Figure 3) . For this analysis, we focused on the set of genes significantly associated with the stage of visit-acute versus convalescent. As anticipated, activation of interferon signaling was noted early in the clinical course, based on the assessment of canonical pathway gene expression ( Figure 3A ) and upstream regulator prediction ( Figure 3B ). Interestingly, both type I (IFNA/B), type II (IFNG), and type III (IFNL) interferon responses were implicated, which was confirmed by significant enrichment of STAT1-STAT2 and IRF1 target genes (P = 9.033E-05 and .0004, respectively). This was associated with downstream changes in inflammasome activation, as implicated by predictions of MAVS and IL1RN as upstream regulators ( Figure 3B ). Changes in viral pattern recognition signaling, potentially driven predominantly by increases in TLR3/7/9-associated genes, were also identified. Interestingly, decreases in proliferative activity in CD4 T cells, as indicated by reductions in CNOT7 and MAPK1, were also observed.
The RSV group (A/B) was not associated with clinical disease severity independently but was associated with significant differences in CD4 T-cell transcriptome status (Table 2) . Pathwaybased interpretation of these gene expression responses identified signaling pathways that may be differentially affected by infection with these 2 RSV groups ( Figure 4A ). Based upon canonical pathway analysis, adenine/adenosine salvage, PPAR, and SAPK/JNK signaling were all predicted to be differentially regulated by RSV subgroup infection. Interestingly, upstream regulator analysis ( Figure 4B ) suggested RICTOR (mTOR2 related), CLOCK, and NFE2L2 (NRF2) may play a significant role in these responses.
Quantitative Polymerase Chain Reaction Validation
We attempted to validate expression estimates for 6 genes (CD4, CD7, FKBP5, OAS1, RSAD2, SOCS2) selected based upon RNA-seq detection levels and biological interest ( Figure 5 and Supplementary Table 2 ). Expression of 5 of these genes (CD4, FKBP5, OAS1, RSAD2, SOCS2) demonstrated significant concordance with RNA-seq data (all P < .001). CD7 expression levels were low, which is likely the source of failure to validate expression estimates. Among these 5 genes, quantitative polymerase chain reaction expression estimates confirmed SOCS2 expression was significantly associated with severity ( Figure 5A and Supplementary Table 2) , whereas CD4, OAS1, and RSAD2 were all significantly associated with time since onset of clinical symptoms (Figure 5B and Supplementary Table 2 ).
DISCUSSION
A full understanding of the cellular immune mechanisms underlying disease severity during RSV infection in infants has been elusive, especially in normal, full-term, healthy infants, the population that comprises the majority of infants brought to medical attention. Most studies investigating RSV disease pathogenesis have measured the presence and levels of various inflammatory proteins, such as cytokines and chemokines in blood or respiratory secretions, or their in vitro production by peripheral blood mononuclear cells, often with disparate results [9, [11] [12] [13] [14] [15] .
Recently, analysis of gene expression in whole-blood samples using microarray from RSV-infected infants was reported from 2 centers [16] [17] [18] . A study of 21 RSV-infected infants showed extensive activation of innate immune responses, specifically of the interferon signaling network, but could not identify differences according to disease severity [16] . In a much larger study involving 90 RSV-infected infants with mild and severe RSV disease, Mejias and colleagues reported overexpression of neutrophil, inflammation, and interferon genes and suppression of T-and B-cell genes [17] . In this study, severe illness was associated with greater expression of neutrophil and inflammation genes than in mildly ill subjects, whereas mildly ill subjects showed overexpression of innate immunity genes.
Because CD4 T cells are important in the early adaptive immune response to RSV and are associated with the degree of inflammation during infection, we chose to investigate gene expression patterns in isolated CD4 T cells from infants with primary RSV infection of differing severity during their first year of life. To optimize identification of differentially expressed genes, we selected infants at the extremes of disease severity. Interrogation of CD4 T-cell gene expression in these subjects identified a number of pathways of interest, including prolactin signaling, JAK/STAT signaling, PI3K/AKT signaling, and IL-9 signaling.
Our data indicated severely ill RSV-infected infants displayed greater activation of prolactin signaling in CD4 T cells. Prolactin, a polypeptide hormone originating from the pituitary gland, has been shown to bind to the prolactin receptor expressed on CD4 T cells and to have a variety of effects on CD4 T cells [27, 28] . Prolactin induction of T-bet transcription through phosphorylation of STAT2 and STAT5 is inversely dose dependent, and it has been suggested that exposure of CD4 T cells to high levels of prolactin might reduce Th1 function [27] . Another study found that Treg cells express prolactin receptor and exposure to prolactin inhibited their suppressive effect on Th1 cells in vitro [28] . Interestingly, it has been reported that infants with severe RSV disease admitted to the intensive care unit had significantly higher serum prolactin levels than moderately ill infants [29] . The JAK2 cytokine and JAK/STAT signaling pathways are integral to the production of the innate type I interferons IFNα and IFNβ, and thus it is not surprising that these pathways are differentially expressed according to disease severity. Confirming that such an effect is detectable in circulating, purified CD4 T cells is novel. It is known that the RSV NS1 and NS2 proteins block type I effectively via degradation of the transcription activator STAT2 [30] . The SOCS genes are included in the JAK/STAT pathways, and the SOCS2, SOCS3, and SOCS5 genes were all overexpressed in the severely ill subjects. It has been reported that SOCS3 is expressed during Th2 immune responses and in vitro experiments after exposure of murine respiratory epithelial cells to RSV [31] . Both STATs and SOCS are key regulators of T-cell differentiation, maturation, and function [32] . Similar to STATs, SOCS may cross-regulate one another, and the proteins are differentially expressed in Th cell lineage [33] . SOCS1 and SOCS3 favor Th2 and Th17 differentiation, and SOCS2 favors the differentiation of Th17 by the compensation of Th2 differentiation [34] [35] [36] . It also was not surprising to find that the PI3K/AKT pathway activation was increased in severe RSV disease. PI3K signaling is thought to have an important role in CD4 T-cell differentiation and function, including Tregs [37] . Respiratory syncytial virus has been shown to rapidly activate this pathway, which is associated with inhibition of cellular apoptosis as well as increased inflammatory cytokine production [38] . Interleukin 9, a Th2 cytokine produced by CD4 T cells, eosinophils, and neutrophils, has been found in the upper and lower airway secretions of infants with RSV bronchiolitis at relatively high levels but has not been previously correlated with disease severity [39, 40] . In a murine model of RSV infection, depletion of IL-9 enhanced clearance of virus from the lungs, and the authors concluded that IL-9 promoted a Th2-type inflammatory response [41] . Together, our data are supportive of a model where shifts in CD4 T-cell subtype toward a Th2 phenotype are associated with severity of illness in RSV-infected infants. Further studies, particularly in larger and more heterogeneous populations, will be required to confirm this observation and to determine whether these changes are mechanistic or are purely a result of the illness itself.
The exclusion of infants with well-known risk factors for severe disease allowed us to remove these influences from our analysis. Although we did not use a formal severity scoring system to define disease severity in our population, we believe that the clinical criteria selected provided a valid separation of mild and severe disease. The use of sorted CD4 T cells, rather than whole blood, and RNA-seq are unique aspects of this study and add to the existing gene expression literature. A potential limitation of this method is that some of the findings might have been affected by manipulation of the CD4 T cells during purification and sorting. However, and critically, identical procedures were used for processing samples from all subjects, regardless of disease severity. All blood samples were collected between 8 and 10 am, kept at room temperature, and processed immediately. Therefore, any impact of sample processing should be applicable to all subjects and result mostly in limitations of sensitivity. In summary, we were able to identify a number of differentially expressed genes and gene pathways involved in primary RSV infection in full-term healthy infants that are associated with increased disease severity. The results may help to ultimately identify potential biomarkers of severe disease and provide putative intermediate, molecular phenotypes of disease that can be assayed using experimental in vitro or in vivo infection models of RSV.
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